We propose that the diffuse FUV emissions of H and H 2 in excess of photoelectron excitation observed from the sunlit atmospheres of Uranus, Saturn, and Jupiter are produced by electric field acceleration of photoelectrons and ions locally in the upper atmospheres. This in situ acceleration is required to satisfy the many observational constraints on the altitude distribution, exciting particle energy, and total input energy requirements of the electroglow mechanism. We further suggest that a primary mechanism leading to this acceleration is an ionospheric dynamo, which is created in the same manner as the Earth's dynamo. The calculated altitude of charge separation by the neutral wind drag on ions across magnetic field lines is consistent with the observed peaks in electroglow emissions from the the homopause) and Uranus (just Voyager ultraviolet spectrometer limb scan data on both Saturn (near • ' above the homopause). This dynamo action therefore appears to initiate the acceleration process, which must have the form of field-aligned potentials to accelerate the magnetized electrons. We propose that these field-aligned potentials are due to anomalous resistivity, which results from sufficiently high fieldaligned currents in the ionosphere to generate plasma instabilities and therefore runaway electrons and ions above some critical lower initial energy. There are multiple candidate processes for inducing these currents, including polarization in the equivalent F regions and inner magnetospheric convection, and each of these processes should exhibit latitudinal structure. The acceleration of low-energy electrons in an H 2 atmosphere preferentially results in FUV radiation and further ionization, whereas electron acceleration in a nitrogen/oxygen atmosphere such as the Earth's is dominated by elastic scattering and thus results in electric currents. Individual electron and proton collisions with H 2 molecules will result in excitation, ionization, and heating, so that considerable enhancement of the ionospheric density and heating of the upper atmosphere will accompany the FUV emission. ] of an unexpectedly high brightness in these emissions from Uranus reemphasized the important clue that the radiated energy is greater than the solar EUV (i.e., photoelectron) energy input into the atmosphere. Although photoelectrons can act as a trigger for the process (which decays rapidly in the absence of sunlight), the energy generation must occur locally in the atmosphere. This process for producing both H Ly cz and H 2 emissions was named "electroglow" by Broadfoot et al. [1986].
INTRODUCTION
The interpretation of the H and H 2 FUV emissions observed from the upper atmospheres of the outer planets has followed an interesting (and evolving) course over the period of time since the launch of the International Ultraviolet Explorer (IUE) in January 1978, which covers the Voyager encounters with Jupiter, Saturn, and Uranus. Initially, interpretations of the H Ly • line emission from Jupiter and Saturn were all in terms of resonantly scattered solar radiation, and charged particle-excited emissions of H 2 bands and H Ly cz were believed to be confined to the bright polar aurora on both planets. It became apparent, however, that more diffuse H 2 band emissions were present on both planets [Broadfoot et al., 1979 [Broadfoot et al., , 1981 Clarke et al., 1982] at wavelengths where the solar flux for scattering by H 2 is minimal, implying particle excitation of the H 2. In addition, Clarke et al. [1979] , in an observation made by a sounding rocket telescope, first showed that Jupiter displays a magnetically confined equatorial H Ly cz bright region, subsequently known as the H Ly cz bulge and confirmed by Voyager . These additional emissions were initially interpreted as being due to soft pre-bility. The sunlit atmosphere H Ly • displays limb darkening by roughly a cosine function, indicating optically thick resonant scattering of solar emission. There is sufficient solar H Ly • at Jupiter to explain all of the observed emission by resonant scattering, and this makes it difficult to separate the contributions by diffuse particle excitation [Yung and Strobel, 1980] . However, there is a superimposed equatorial excess (the H Ly • bulge) above the modeled spatial distribution of the resonant scattered component at all longitudes [Clarke et al., 1981 a] and peaking near ;•iii = 100 ø. On the dark hemisphere the intensity is 800 R, and the equatorial "H Ly • bulge" is also observed at a level of roughly 200 R.
McConnell et al. [1980] point out that the dark side emission is greater than can be produced by backscattered solar H Ly • from interplanetary H atoms, and they conclude that a fraction of all the dark side emission is produced by charged particle excitation. McConnell et al. also present data showing equatorial H Ly • emission at levels of several kilorayleighs extending nearly 20 ø in longitude onto the dark hemisphere at the dawn terminator (the dusk terminator was not observed), although they were unable to explain this phenomenon as a result of scattering processes. Thus the electroglow process may occur in the dark atmosphere also, albeit at a reduced level, in contrast with earlier assumptions that it is restricted to the sunlit atmosphere. The equatorial regions between _+30 ø latitude and within 20 ø of the terminator, observed by McConnell et al., are connected to conjugate magnetic points in the dayside atmosphere at most longitudes due to the significant declination angle of Jupiter's magnetic field lacuna et al., 1983]. Photoelectrons and ions can freely flow into these shadowed regions from the conjugate illuminated regions with correspondingly high ionospheric ion and electron densities. The observation therefore indicates that electroglow can operate in the absence of sunlight but in the presence of substantial ionospheric densities. Finally, the bulge emission region rotates with the same period as, and is centered on the equator of, the magnetic field rather than the atmosphere (i.e., it is fixed in system III longitude, not systems I or II, [Clarke et al., 1981a ' Dessler et al., 1981 . This implies a magnetic dependence of the electroglow mechanism.
The subsolar point integrated brightness of the H 2 Lyman band emissions observed with IUE is 1.4 kR [Clarke et al., 1982 -1, and the integrated Lyman and Werner band brightness observed with UVS is roughly 3 kR [Shemansky, 1985] . The H 2 band emissions occur at wavelengths where the incoming solar flux is too weak to produce the observed emission levels by scattering, and therefore they are a direct signature of charged particle excitation. The observed spectrum of these band emissions is a sensitive function of the energy of the exciting charged particles, and the equatorial emission spectrum is consistent with excitation by electrons with energies in the range 10-50 eV, as opposed to the 10-to 100-keV excitation of the polar aurora [Shemansky, 1985] . The measured atomic carbon emission C I 1657 A is 300 R, which is at least 140 R greater than the reflected solar line. A large abundance of C atoms (and thereby efficient resonant scattering of the solar line) is unlikely, since C atoms react rapidly with H 2 to form simple hydrocarbon radicals and molecules. This suggests particle excitation (probably of CH4) near the homopause, i.e., well below the photoelectron production peak [Clarke et al., 1982] .
There is considerable spatial structure to the H 2 band emissions on all three planets. The H 2 bands on Jupiter do not show a comparable enhancement in the H Ly • bulge region and were not observed from the dark atmosphere with an upper limit of roughly 0.2 times the subsolar brightness [Sandel et al., 1979] . In addition, an increase in H 2 band intensity by roughly a factor of 2 from dawn to dusk across the sunlit equator has been reported by Shemansky [1985] . Shemansky also pointed out that this distribution is consistent with emission from an optically thin solar-controlled layer, with the observed dawn to dusk variation resulting from the angle of the observation. No information about the altitude of the FUV emissions was obtained during the Voyager encounters because of high charged particle radiation levels near closest approach.
Saturn
The subsolar H Ly • brightness has been measured to be 1-2 kR by the IUE (correcting the measurement of Clarke et al. [1981b] for the effects of interplanetary hydrogen emission and absorption) and 3 kR by the UVS . This emission can also be explained in magnitude by a reasonable (but very high) atmospheric reflectivity to direct solar H Ly •. There has been no claim of detection of a Saturn H Ly • bulge, although we note that there appears to be an enhancement of 10-15% at 20 ø latitude in the H Ly • data of Yelle et al. [1986] . The dark side H Ly • brightness at 350 R is, as at Jupiter, inconsistent with resonant scattering of interplanetary background radiation as the sole mechanism and is reported to have a component due to charged particle excitation. The 
Uranus
Although the H Ly • brightness of Uranus is comparable to that of Saturn, it is once again difficult to separate the contributions from scattering processes and particle excitation. The sunlit disk average H Ly • brightness has averaged 1.4 kR over 4 years of IUE observations (which includes the auroral emission [Clarke et al., 1986] ) and was measured at 1.5 kR by the UVS during the Voyager encounter (not including auroral emission [Broadfoot et al., 1986] ). The dark hemisphere H Ly • brightness is 170 R, again suggesting some charged particle excitation. The subsolar H 2 brightness is 400-1800 R depending on the assumed contribution of the H 2 a-b continuum, and no detection of diffuse H 2 emission from the dark side was reported, although without a specified upper limit [Broadfoot cObserved electroglow emission flux divided by photoelectron excitation (assumed to be solar EUV flux times 15%). et al., 1986]. The altitude distribution of the emissions is similar to that for Saturn, with the peak for both H Ly • and H 2 bands just above the homopause and decreasing with altitude up to the exosphere. It has been reported that the excitation energy at Uranus is lower than at the other two planets (a Maxwellian distribution with a peak at 3 eV [Broadfoot et al., 1986] ). However, more recent work suggests that the reported H 2 a-b continuum may alternately be attributed to Rayleighscattered sunlight, implying that the H 2 excitation energy is actually closer to the 10-to 50-eV range observed at Jupiter and Saturn [Yelle et al., 1987] .
Most important, the emitted FUV energy is considerably greater than the energy available for UV emission from direct photoelectron excitation, assuming that 15% of the total solar EUV energy (E > 15 eV) goes into photoelectron excitation of FUV emission [Cravens et al., 1975] . This level of energy deficit is characteristic of all three outer planets (see Table la ); i.e., the input photoelectron energy must be amplified to produce the observed emission. It is interesting that the amplification factor listed in the last column of Table la is comparable at Jupiter and Saturn but nearly an order of magnitude larger at Uranus. This conclusion is subject to the large uncertainties in separating the electroglow portion of both H Ly • and H 2 emissions at Uranus discussed above, however. Direct excitation by photoelectrons can be an important contributor and closely mimics the observed properties on all three planets [Pran•le, 1986], but there must be an additional energizing mechanism. This is the enigma that led to the recognition of a fundamentally new process, and the new name "electroglow."
ELEMENTS OF THE REQUIRED EMISSION PROCESS
In view of the preceding observations, the required characteristics of the emission process are (1) the existence of a sunlight "trigger" plus an additional energy source, (2) a diffuse low-and mid-latitude process, which may include weak H Ly • emission from the dark hemisphere, (3) charged particle excitation, with an energy of 10-50 eV, by both electrons (for H 2 band emissions) and protons (for optically thin H Ly • emis- Units are kilorayleighs. sion), (4) peak excitation at or just above the homopause, at neutral densities of 1012 to 1013 cm -3, where the mean free path for a low-energy electron is of the order of 1 m, and (5) some sort of magnetic control, if the magnetic-field-related H Ly • bulge on Jupiter is interpreted as electroglow. Since the peak in emission is observed near the altitude of maximum photoelectron production, the emission region covers the sunlit hemisphere, and decreases rapidly in the absence of sunlight, it is natural to interpret the production of photoelectrons (and ions) as providing the sunlight trigger. Given the preceding constraints on precipitating particles, the particle acceleration processes must occur in situ and accelerate both electrons and ions, i.e., electric field acceleration in a region of neutral density and magnetic field strength comparable to the Earth's E and F regions. This interpretation is very different from previous ones involving precipitating particles, in the sense that low-energy particles are accelerated in the presence of collisions with neutrals, rather than highenergy particles being slowed down by collisions.
Strong electric currents in the E and F regions of the Earth's ionosphere are produced by an atmospheric dynamo, whose driving force stems from charge separation by the interaction of neutral winds with ionospheric plasma. A derivation and review of dynamo theory and its manifestations is given by Rishbeth and Garriott [1969] . If fl e is the electron gyrofrequency and ve, is the collision frequency of electrons with On the Earth the peak dynamo currents are measured at altitudes near 110 km (somewhat higher than the altitude of maximum charge separation [cfi Rishbeth and Garriott, 1969]) and extend to much higher altitudes [Pfaff, 1986] . From Table  2 the equivalent conditions on Uranus, Saturn, and Jupiter occur just above the homopause. We know that dynamos will operate in the outer planet atmospheres, subject to the neutral wind velocity, the strength of the magnetic field, and the charged particle density. The question is how much of the energy will go into FUV radiation.
Acceleration of the magnetized electrons requires fieldaligned potentials. Collisional drag of protons at 100 m/s gives only 5 x 10-5 eV, which is not sufficient for excitation of UV emissions and suggests that the ions are also accelerated by field-aligned potentials. Field-aligned (Birkeland) currents in the Earth's F and E regions result from current closure along the highly conductive magnetic field lines driven by E and F region polarization due to the dynamo action IRishbeth, 1971]. The basic ionospheric circuit is shown in Figure 1 for mid-latitude and equatorial cases. The conductivity for electron flow along field lines is extremely high, and the Pederson (JE) conductivity in the E region is also high and carried mainly by protons. Ion Pedersen conductivity provides crossfield line current closure in both the E and F region legs of the circuit. The E region conductivity is greatly reduced at night by recombination, so dynamo-driven Birkeland currents are larger during the day relative to a fixed neutral wind velocity IRishbeth, 1971]. Sufficiently high Birkeland currents can give rise to plasma instabilities which inhibit the bulk of the electron drift at the expense of accelerating high-energy electrons to superthermal energies, a phenomenon known as anomalous resistivity. Anomalous resistivity has long been thought to contribute to the acceleration of auroral particles on Earth up to tens of keV [Swift, 1965] . We propose that a weaker version of this phenomenon at low and middle latitudes accelerates photoelectrons (and ions) above some critical energy along hundreds of kilometers parallel to B in the ionosphere to produce the electroglow emissions. The exciting charged We emphasize that it is the presence of Birkeland currents in the ionosphere, rather than direct dynamo action, that leads to FUV emissions by the mechanism of anomalous resistivity. Any contributions to Birkeland currents from magnetospheric processes or from magnetic conjugate regions with relatively higher ionospheric densities will lead to locally enhanced FUV emission. It is the observation of electroglow throughout the sunlit atmospheres that indicates substantial excitation by the more global dynamo processes. The detailed calculation of the generation of field-aligned potentials by neutral winds is dis- Table 3 gives numerical values of the critical force •c = n L(E) for electron energies and neutral densities typical in the regions of maximum electroglow emission. Referring to Table 3, at n -1012 cm-3 and electron energy up to E -10 eV, a local electric field of 2 mV/m is sufficient to compensate for the collisional loss processes so that the electron energy will be maintained.
Inspection of Figure 4 of Broadfoot et al. [1986] shows that the electroglow emissions decay rapidly across the dark limb, indicating a photoelectron time constant of the order of an hour or less. From Figure 2b we note that the cross section for elastic scattering is much larger than that for inelastic scattering. However, there is the complication that elastic scattering can be highly anisotropic and tends to be forward peaked at larger energies. 
CONSEQUENCES OF THE DYNAMO THEORY
In this section we will discuss the expected FUV radiation distribution which can arise from dynamo-produced electric fields on the outer planets largely by analogy with what has previously been observed on the Earth. Although the applicability of such an analysis has limits, many of the general characteristics of electroglow are directly analogous to phenomena observed on the Earth.
The brightness of dynamo-produced electroglow emission will depend on the photoelectron and ion densities and energy spectra, on the direction and magnitude of the neutral wind, on the dip angle of the magnetic field, and on the contribution to Birkeland currents from magnetospheric convection. The brightness distribution will also depend on global circulation patterns of both the neutral atmosphere and the ionospheric plasma. The general characteristics expected for purely dynamo-driven emission (as discussed also by H87) are a decreasing level of excitation toward higher latitudes, possible dawn-dusk asymmetries depending on dawn-dusk variation in neutral wind speed, and the existence of an equatorial electrojet as observed on the Earth. Contributions to the excitation process from magnetospheric convection would reflect the plasma conditions along the path of the magnetic field lines through the magnetosphere, which would vary from planet to planet, although low-and mid-latitude effects would generally be attributable to ionospheric and ring-associated plasmas, respectively.
One problem with a simple dynamo explanation for electroglow is the observation of equatorial brightenings in the H Ly 0t emission but not in the H 2 emission. Electric fields will, of course, accelerate both electrons and protons (and excite both H2 bands and H Ly 0t), and by direct analogy to the Earth's equatorial electrojet, a significant equatorial enhancement in Birkeland currents and potentials would be expected. As indicated in Figure lb , and discussed further by H87, Birkeland currents are upward below and downward above the equatorial F peak. The downward current region is more extended in altitude at the equator and correspondingly more extended in latitude away from •he equator. Protons will be accelerated downward in the downward current region, and electrons will be accelerated downward in the upward current region toward increasing neutral density and relatively increasing electroglow emission. The proton-generated H Ly 0t emissions associated with the equatorial dynamo may thus be more extensive, in latitude and altitude, and more intense when integrated over latitude, than the electron-produced H 2 emissions. However, the latter conclusion is moderated by the fact that the potential drop is greater in the region of downward electron acceleration (H87).
As an alternative mechanism, the Earth's dynamo also leads to an equatorial fountain [Hanson and Moffett, 1966] and tropical arc emission by recombination of ions, which can explain H Ly 0t production by proton recombination without H: emission by electron excitation. There are several lines of evidence for an equatorial anomaly on Jupiter at the location of the observed H Ly 0t bulge from Pioneer and Voyager radio occultation observations [Mahajan, 1981] , and there has been preliminary modeling of a solar-driven dynamo [Tan, 1986] . Thermospheric winds are driven in part by near-UV solar heating of the lower atmosphere and in part by in situ FUV absorption. Since the near-UV solar flux is relatively constant (both short term and long term), this component will not vary greatly with time. Auroral heating will also contribute to thermospheric winds at high latitudes and may dorninate the energetics over much of the atmosphere, at least on Jupiter. The auroral component will, of course, be much more variable than the solar component. The sum of these components will determine the global neutral wind patterns, and their estimation will be an important step in evaluating the potential for the dynamo mechanism to produce the electroglow. In view of the large sizes, rapid rotation rates, intense auroral emissions, and decreased solar input at the outer planets, their thermospheric wind patterns should be very different from those on the Earth. Unfortunately, there are presently no observational data on the thermospheric winds from any outer planet. The peculiar magnetic geometries, especially on Uranus, will also complicate the generation of dynamo electric fields. In particular, the extended regions on Jupiter 
